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I.  ABSTRACT 


Tbe  application  of  a  hot  wire  anenometer  as  a  saopUng  devles  for 
a  dlhutyl  phthalate  aerosol  was  found  to  be  reliable.  The  count  ob¬ 
tained  by  particles  impacting  on  the  heated  filament  in  laminar  flows 
showed  a  direct  correlation  to  the  concentrations  measured  by  two  other 

means. 

In  the  runs  conducted  counts  as  hl|th  as  1000  counts  per  second  per 
inch  of  wire  length  were  noted  and  it  was  estimated  that  all  drops  above 
3  to  9  Bderons  were  counted.  With  proper  filtering  of  undesirable  noise 
and  slight  improvements  on  the  present  set-up,  the  site  of  droplets  to 
cause  a  countable  signal  will  be  lowered,  and  the  application  of  the 
instrument  hence  broadened.  Improved,  and  then  extended  to  tuzhulant 
streams . 

An  analysis  is  shown  pertiirblng  the  equations  of  motion  for  an 
aerosol  in  air,  attempting  to  arrive  at  the  important  Reynold's  type 
equations.  The  resulting  differential  eq]uatlon  has  both  Lagranglan  and 
folsrlan  terms  which  do  not  insmdlateny  yield  the  corresponding  corre¬ 
lating  terms. 
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II.  IHE  HOT  WIRE  AMSMOMETER 

A  wire  heated  to  a  mean  teniperature  9^  placed  in  a  stream  at 
mean  ten^rature  6^  will  be  cooled  by  the  ;  stream  Itself  auad  by  the 
aerosol  droplets >  also  at  tenqperature  9^,  which  come  In  contact  with 
It.  If  this  sensing  wire  Is  heated  by  a  constant  current,  the  fluctu¬ 
ations  In  the  cooling  effect  of  the  stream  caused  by  Its  turbulence  and 
the  Instantaneous  cooling  due  to  the  droplets  will  cause  variations  In 
the  wire  temperatures  miA  hence  changes  In  the  resistance  of  the  wire. 
These  resistance  changes  will  In  turn  cause  changes  In  the  voltage  of 
the  constant  current  heating  the  wire. 

Qy  amplifying  the  voltage  variations  due  to  the  cooling  effects, 
both  from  tiirbulence  and  the  aerosol  droplets,  and  discriminating  these 
either  by  their  amplitude  or  frequency,  a  count  of  the  Impactions  on  the 
wire  anemometer  can  be  msde. 

A  block  diagram  of  the  Instrumentation  used  Is  shown  In  Fig.  1. 

The  tungsten  wire  used  had  a  diameter  of  .00018"  and  a  sensitive  length 
of  .068".  The  small  tungsten  filament  was  part  of  one  of  the  legs  of 
a  Wheatstone  bridge,  which  being  Initially  balanced  when  the  aerosol  was 
not  being  Injected  In  the  wind  tunnel,  give  a  signal  or  detector  voltage 
proportional  to  any  resistance  change  In  the  heated  filament. 

The  heat  per  unit  time  transferred  from  the  wire  to  the  air  stream, 
with  no  aerosol.  Is  given  as 

(9^  -  9^) 
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vhere 

a  s  heat  transfer  coefficient 

d  «  wire  diameter 

I  ■  wire  length 

■  temperature  of  wire 
6^  >  undisturbed  stream  temperature 
For  themal  equillhrium  then, 

I\  -  artdi  -  9^)  (1) 

where 

I  ■  current  flow  throu{^  the  wire 

>  resistance  of  the  wire  at  operating  temperature 

The  heat  transfer  coefficient  can  he  empirically  related  to  Ihrandtl 
Nusiber  and  Reynold's  number,  and  these  In  turn  can  be  luntpcd  Into  the 
following  fom: 

I*R^  -  (A  +  . .  (2) 

o 

The  constant  A  Is  directly  proportional  to  the  length  i,  and 
Inversely  proportional  to  the  temperature  coefficient  of  electric 
resistivity,  a,  of  the  wire,  idiereas  the  constant  B  Is  proportional  to 
the  square  root  of  the  wire  diameter  as  well  as  directly  proportional 
and  Inversely  proportional  to  a.  The  constants  A  and  B  are  usually 
obtained  engilrlcally  for  known  velocity  levels.  A  detailed  derivation 
of  the  above  relationship  can  be  obtained  in  "Turbulence"  by  J.  0.  Hlnse 
(McOraw-Hlll) . 

When  exposed  to  tuzbulent,  or  fluctuating  air  flow,  the  wire  will 
have  a  change  In  resistance  whose  value  can  be  based  on  the  given  thermal 
equilibrium  relationship. 
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nie  total  stream  velocity  U  can  be  broken  up  into  a  mean  velocity 
U  and  a  fluctuating  component  u.  The  resulting  wire  resistance  can 
be  similarly  Interpreted  as  composed  of  a  mean  value  and  a  change  or 
offset  from  the  mean  value,  r^.  T3ie  mean  values  will  be  related  as 


I«R^  -  (A  +  b/^  )  -i 


R  -  R 


(3) 


In  order  to  find  the  relationship  between  u  and  r  we  substitute 

w 


In  Eq.  (2)  to  obtain: 

I®  +  r^)  -  (A  +  B  /  ij+  u)  -Si - ^ 


R  +  r  -  R 


If  In  addition  to  the  small  cooling  caused  by  the  fluctuating  turbulence, 
we  consider  the  Inactions  of  a  droplet  of  mass  m  and  specific  heat  c^, 
then.  If  m  Is  mass  per  unit  time, 

(R^  +  r^)  -  (A  +  B  .  g^) 


But 


R  -  R 

-  -  wo 

®W  ■  ®0  “  "aT? — 


so  then 


mclIR  +  r  -  R 
w  0 


[>  mc'IR  +  r 

(A  *  B  jjTu)  * 

for  -  R^  »  r^  euid  ^  »  u,  and  using  Eq.  (j)^  the  above 


sls^Ufles  to 


i5c' 


R  -  R 


idiere  9  >  overheat  ratio  > 
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llie  volteige  fluctuations  due  to  the  combined  effects  of  turbulence  and 
droplet  impactions  will  be  given  as 


e  =  I 


j;v 


3iU  -  Sgm 


(5) 


where  the  coefficients  and  Sg  can  be  considered  as  sensitivities, 


given  as: 


®2  -  ^ 


As 


It  is  desirable  to  make  Sg,  as  well  as  the  ratio  Sg/S^  large. 


and 


s,  c5 


a 


if!  , 

i  J  d  ' 


as  it  was  found  that  B  was  proportional  to  the  square  root  of  the  wire 
diameter,  as  well  as  directly  proportional  to  /  and  inversely  propor¬ 
tional  to  a.  For  larger  overheat  ratios  euid  mean  stream  velocities, 
suid  smaller  wire  lengths,  diameters  auid  wire  temperature  coefficient 
of  resistivity,  the  chances  of  discriminating  the  impactions  from  the 
turbulence  will  inq)rove. 

Using  Eq.  (3)  it  can  be  shown  that 

s  °p  ^  c;  ((p  -f- y 

^  oi  (A  +  B  f^)]  ( B-conat .  y  Ud ) 


or  if  p  *  resistivity 


a£^ii2JLiL£ 

d^  l+const . 
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which  shows  that  is  independent  on  wire  length  hut  increases  with 
overheat  ratio,  resistivity  and  decreases  very  fast  with  wire  diameters. 

Ihe  detected  voltage  on  the  Wheatstone  bridge  Is  compensated  for 
the  thermal  lag  caused  by  the  wire  and  slmultsuieously  amplified  by  a 
compensation  amplifier  as  described  In  Ref.  2.  Uie  low  frequencies 
of  the  signal  enre  then  filtered  with  sui  RC  filter  and  the  filtered  sig¬ 
nal  Is  In  turn  fed  Into  a  Tektronix  Type  535  Oscilloscope  with  a  Type  B 
Plug-ln-Unlt  set  at  a  magnification  of  1  volts/cm.  A  Hewlett  Racksnrd 
Type  521E  electronic  counter  was  adjusted  so  variations  In  voltage  above 
.028  volts  In  the  amplified  signal  would  cause  a  count.  The  electronic 
counter,  In  aMltlon  to  an  Input  sensitivity  adjustment  with  a  continuous 
adjustable  sensitivity  from  .2  volts  rms  to  100  volts  ms  also  has  gating 
times  of  l/lO,  1  and  10  seconds.  In  the  runs  so  far  performed  the  gating 
time  was  set  at  10  seconds.  The  range  of  the  counter  Is  specified  as  1 
cipB  to  120  kilocycles;  blips  as  close  as  8  x  lO"^  seconds  would  hence 
still  be  covmted. 

In  future  studies  the  use  of  a  constant  temperature  type  of  hot 
wire  euiemometer  Is  to  be  Investigated.  A  consteuit  temperatvire  anemometer 
does  not  require  compensation  and  might  give  a  more  distinct  signal. 

III.  TEST  PROCEDURE 

The  output  from  a  DeVllblss  constant  flow  type  84l  Nebulizer  was 
Introduced  Into  a  small  wind  tunnel  shown  In  Fig.  2.  The  meeun  velocity 
at  the  exit  of  the  wind  tunnel  was  of  11' /sec.  and  the  cross  section  at 
the  exit  mouth  was  of  I.96  Inches  In  diameter. 

The  aerosol  was  Introduced  Into  the  wind  tunnel  at  a  steady  rate, 
auid  upon  also  reaching  steady  output  conditions  at  the  tunnel  mouth  the 
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following  measurements  and  samples  were  taken. 

1)  With  a  fixed  over-heat  ratio  on  the  hot  wire  placed  in  line 
with  the  axis  of  the  tunnel^the  impactions  recorded  by  the  counter  were 
noted  for  at  least  10  counts  as  obtained  with  a  gate  time  of  10  seconds. 
The  difference  in  between  successive  readings  rarely  exceeded  10  per¬ 
cent,  so  the  deviation  in  the  mean  count  was  well  under  ^  percent.  The 
orientation  and  location  of  the  hot  wire  were  found  not  to  be  critical 
in  the  count  and  the  probe  was  hence  placed  by  eye  at  approximately  the 
same  position  from  run  to  run.  The  mean  count  obtained  was  furthermore 
fovind  to  be  constant  with  time.  It  must  be  noted  however  that  no  runs 
were  taken  for  more  than  thirty  minutes  and  that  the  effect  of  aging  on 
the  wire  has  not  yet  been  thoroughly  investigated.  Aging  of  the  wire  may 
be  caused  both  by  stretching  and  coating  or  oxidation.  Stretching  will 
cause  an  Increase  in  the  wire  overall  resistance,  whereas  a  coating  on 
the  wire  may  cause  a  decrease  in  the  overall  resistance.  Any  changes  in 
the  wire  resistance  will  eiffect  the  over-heat  ratio  and  also  the  senalti- 
vlty  to  the  impeictlons.  Li  the  runs  taken  the  wire  was  kept  in  operation 
long  enough  so  the  counts  obtained  would  yield  a  reliable  averaige  value 
which  did  not  vary  due  to  changes  in  the  wire  resistance  for  rtins  as 
long  as  thirty  minutes  in  diuratlon. 

2)  A  device  hereafter  called  "trapping  cylinder"  was  built  to 
permit  the  capture  of  a  sample  from  the  aerosol  stream  from  which  the 
mass  meem  diameter  and  concentration  could  be  evalmted.  As  the  name 
implies,  the  sampling  device  consists  of  a  cylinder,  Fig.  3,  which  may  be 
oriented  so  the  streeun  flows  through  it  undisturbed  until  spring  loaded 
covers  sure  triggered.  The  covers,  after  being  released,  completely  en¬ 
close  a  volume  of  the  stream,  and  if  the  cylinder  is  immediately  placed 
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In  a  vertical  posit;  on,  the  aerosol  will  settle  gravitationally  on  one 
of  the  covers  which  is  conveniently  msule  out  of  glass  euid  can  he  removed 
after  all  the  droplets  have  settled. 

Ihe  terminal  velocity  of  a  1  micron  rigid  sphere  is  of  5.49  x  lO”^ 
cm/sec  (Ref.  3  page  65).  A  1  micron  dibutyl  phthalate  drop,  right  below 
the  top  cover  would  then  take  less  than  an  hour  to  settle  on  the  glass 
slide  if  only  gravity  effects  were  acting  on  it.  In  all  the  samples 
collected  settling  times  from  three  to  five  hours  were  allowed.  The 
evaporation  effects  were  still  negligible  and  particles  from  one  half 
a  micron  up  had  all  settled  when  the  glass  slides  were  observed. 

For  the  first  runs  measurements  of  density,  or  number  of  particles 
per  unit  area,  on  the  slide  were  taken  at  different  locations.  Due  to 
the  acceleration  force  acting  on  the  particles  upon  placing  the  trapping 
cylinder  in  a  vertical  position  it  was  expectdd  that  some  non-uniform 
density  would  result  on  the  slide.  It  was  found  however  that  the  vari¬ 
ation  in  density  was  not  dependent  on  the  location  of  the  slide,  except, 
of  course,  for  a  narrow  width  along  the  edge  of  the  circular  glass  piece. 
Sufficient  plctxu^s  and  observations  were  then  made  to  obtain  a  reliable 
measure  of  mass  meeui  diameter  euid  aerosol  concentration.  A  typical 
photograph  of  the  sample  collected  is  shown  in  Fig.  4.  In  the  determi¬ 
nation  of  aerosol  concentrations  through  the  wind  tunnel  it  was  assumed 
that  the  number  of  particles  clinging  onto  the  walls  of  the  trapping 
cylinder  was  negligible  when  compared  with  the  number  of  particles 
settling  on  the  glass  slide  Itself.  In  all  cases  the  glass  slide  was 
cleaned  with  alcohol  rinsed  with  water  and  polished  with  Laboratory 
Aerosol  Solution  prior  to  sampling. 
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5)  1^16  third  method  used  to  determine  the  concentration  and  nunher 

of  particles  of  dihutyl  idathalate  flowing  through  the  tunnel  was  to  sample 
isokinetically  throu^  a  Gelman  l/k"  diameter  isokinetic  prohe.  !iype  AM-4 
Oelman  Polypore  filter  pads,  2"  diameter  were  used.  Samples  were  collected 
hy  isokinetically  sampling  during  four  different  lengths  of  time,  in  he- 
tween  20  emd  120  seconds.  Ihe  collected  samples  were  first  dissolved  in 
alcohol  and  then  treated  with  sodium  carbonate  and  dlazo-benezene  sul¬ 
fonic  acid  which  gave  a  color  depending  on  the  amount  of  ^-naphthol  tracer 
and  hence  also  dibutyl  phthalate  collected.  Py  comparing  with  standard 
solutions  the  corresponding  aerosol  concentrations  in  the  stream  can  be 
calculated  as  the  average  of  the  values  ootained  based  on  each  one  of 
the  four  collected  samples.  Through  some  initial  checks  it  was  found 
that  there  was  no  considerable  amount  of  dlbutyl  phthalate  leaiking  through 
the  filter  pad.  Ihe  flow  throu^  the  probe  was  adjusted  so  that  sampling 
as  close  to  isokinetic  as  possible  was  undertaken,  ^e  possible  de¬ 
posits  of  dlbutyl  phthalate  on  the  walls  of  the  probe  were  neglected. 

With  sampling  times  above  y)  seconds  it  is  Justifiable  to  consider  the 
error  Introduced  by  neglecting  the  deposits  on  the  wall  as  a  small 
amount. 

IV.  TEST  RBSUIdS 

With  a  wire  .068"  in  length^an  overheat  ratio  of  0.4^and  sensi¬ 
tivity  of  the  counter  and  amplifiers  set  so  voltage  variations  above  .028 
volts  caused  a  count,  nine  runs  were  performed  for  which  the  following 
data  was  obtained. 

a)  Average  number  of  counted  impactions  on  the  wire  for  a  ten 


second  Interval. 
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b)  Mass  meein  diameter  of  the  collected  sample  emd  number  of 
particles  within  a  size  interval  collected  on  the  glass  slide. 

c)  Amount  of  aerosol,  in  grams,  collected  through  the  probe  per 
unit  time.  By  assuming  a  mass  mean  diameter  as  given  above  the 
number  of  peurt;icles  flowing  into  the  probe  per  unit  time  meiy  be 
evaluated. 

Bable  I  shows  the  results  obtained  for  runs  17  through  2^.  Runs 
1  throu^  17  were  done  with  different  wire  lengths  and  different  elec¬ 
tronic  set-ups  euid  do  not  give  a  direct  correlation  with  the  tabulated 
values. 

A  vlsvial  observation  of  Rig.  h  will  show  that  the  size  distribution, 
even  thovigh  it  will  tolerate  a  relatively  good  estimate  of  the  mass  mean 
diameter,  does  not  easily  give  a  total  number  of  particles  flowing 
throu^  the  wind  txmnel.  It  was  chosen  to  define  Instead  the  distri¬ 
bution  on  the  glass  slide  as  the  number  of  particles  above  a  given  drop¬ 
let  diameter  d.  Ihe  curves  shown  in  Figs.  9  throu^^  17  describe  the 
distribution  and  number  of  peurtjlcles  collected  on  the  total  slide.  The 
corresponding  number  of  particles  through  the  wind  tunnel  can  be  calcu¬ 
lated  by  knowing  the  depth  of  the  trapping  cylinder  euid  the  exit  diameter 
of  the  tunnel.  Figures  5  through  8  show  the  size  distribution  cvirves  for 
Runs  17  through  20.  Beised  on  their  similarity,  auid  the  tabulated  values 
of  mnd  on  Ibble  I,  it  appears  Jxistlfiable  to  consider  an  average  mass 
mean  diameter  of  9.73  microns.  (Note,  the  volume  of  a  9.78  micron 
particle  is  approximately  1  x  10  cubic  centimeters.) 

Known  the  mass  mean  diameter  and  the  respective  ctoss  sectional  areas 
of  the  isokinetic  probe  and  the  wind  tiumel,  from  the  collected  samples 
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in  grams  per  unit  time,  the  number  of  particles  flowing  throu^  the 
wind  tvinnel  per  unit  time  can  be  calcuJated.  It  is  expected  then  that 
the  count  on  the  hot  wire  anemometer  will  maintain  some  relationship  with 
the  number  of  particles  flowing  throu^  the  wind  tunnel,  as  above  obtained. 

The  relationship  has  been  plotted  in  Fig.  l8.  The  count  on  the  hot 
wire  anemometer  has  been  reduced  to  counted  impactions  per  minute,  cund  the 
number  of  particles  flowing  through  an  area  equal  to  the 
wire  cross  sectional  area  normal  to  the  streeun.  If  the  coefficient  of 
impaction  of  the  wire  were  lonlty  and  every  impaction  were  recorded,  the 
relationship  of  the  counted  Impactions  per  minute  to  the  particles  per 
minute  per  wire  area  would  be  as  shown  in  the  broken  line  of  Fig.  l8. 

Figure  l8  does  show,  however,  the  reliability  of  the  hot  wire  anemometer, 
nie  error  in  the  count  is  linear  with  the  concentration.  This  Indicates 
that  below  a  given  size  drop  the  resulting  voltage  was  not  sizable  enough 
to  give  a  count,  and  that  furthermore  this  number  of  'narticles  below 
vhlch  no  count  is  recorded  Increases  llnesurly  with  aerosol  output  which 
agrees  with  the  noted  similarity  in  size  distributions  for  different  runs 
(Figs.  ^  through  8). 

A  further  correlation  can  be  made.  An  estimate  of  the  number  of 
particles  with  diameter  large  enough  to  cause  a  count  flowing  through 
the  tunnel  per  unit  time  ceui  be  obtained  from  the  count  on  the  hot  wire 
anemoneter,  provided  100  percent  efficiency  can  be  assumed.  Dils  number 
of  particles  can  be  related  to  the  corresponding  number  ^Ich  would  have 
been  collected  on  the  glsiss  slide  had  only  those  large  eno\igh  to  cause 
a  signal  been  kept.  With  this  quantity,  the  size  below  which  no  countable 
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slgnal  resulted,  or  "cut-off  diameter"  can  "be  obtained  from  the  curves 
in  Figs.  9  through  I7  for  each  one  of  the  runs.  The  resulting  cut-off 
dleuneters  for  runs  21  through  2^  are  shovn  in  Table  II. 

Summarizing,  we  note  that  for  various  aerosol  concentrations  the 
hot  wire  anemometer  showed  a  corresponding  count  which  was  directly  re¬ 
lated  to  the  true  concentrations.  Inasmuch  as  the  limitation  of  the 
device  as  to  smallest  particle  to  cause  a  signal  has  not  been  of  concern, 
a  cut-off  diameter  in  the  neighborhood  of  3  to  ^  microns  was  noted,  assum¬ 
ing  the  Impaction  coefficient  close  to  unity.  Now  that  the  reliability  of 
the  hot  wire  anemometer  has  been  shown,  its  limitations  eind  character¬ 
istics  are  to  be  evaluated. 

V.  DISCUSSION  AND  ANALYSIS 

1.  Coincidence  of  Impactions  on  the  Hot  Wire  Anemometer  Probe 

With  the  present  set-up  one  of  the  limitations  of  the  hot  wire 
anemometer  Is  that  of  simultaneous  or  Infinitely  close  Impactions.  !nie 
limiting  component  will  be  the  electronic  counter  which  will  not  re¬ 
spond  to  frequencies  above  120  kilocycles.  This  will  Imply  that  Impac¬ 
tions  closer  than  8  x  10~^  seconds  will  record  only  one  count.  In  Run 
23  the  number  of  particles  per  wire  area  per  minute  was  around  I3OOO. 

At  a  stream  velocity  of  11' /second  (or  approximately  8x10®  inches/min,  this 
would  Imply  that  If  all  the  peurtlcles  were  equally  spaced  and  had  a 
dlamster  equal  to  that  of  the  mass  mean,  then  there  will  be  a  flow  of 
13000/1.2  X  10~^  or  approximately  1  x  10  partlcles/mln\rte  per  square 
Inch,  and  a  total  of  1  x  10^/8  x  10®  =  1.25  *  10^  particles /in®.  Each 
panrticle  would  then  occupy  8  x  lo"^  cubic  inches  and  the  mean  distance  In 
between  consecutive  particles.  If  equal  spacing  occurred,  would  be  of  .02 
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inches,  or  2.5  x  lo”^  minutes  apeurt  which  is  much  larger  than  the 
value  for  which  coincidence  would  cause  an  error  in  readings.  For  the 
particles  to  be  8  x  lo'^  seconds  apart  a  concentration  larger  than 
5  X  10  '  perticles/in?  would  be  necessary.  It  must  be  noted  though 
that  the  above  assumes  point  sampling  and  coincidence  due  to  particles 
moving  on  the  same  path  line.  The  possibility  of  coincidence  in  samp¬ 
ling  along  the  length  of  the  wire  is  not  completely  ruled  out  by  the 
argument  presented  and  can  be  evaluated  by  testing  with  wires  of  dif¬ 
ferent  lengths  and  comparing  the  results,  or  by  knowing  the  arrangement 
the  particles  assume  within  the  stream,  both  in  lamlneir  and  turbulent 
flows. 

2.  Droplet  Effects  on  Filament 

The  main  purpose  of  the  runs  taiken  during  this  last  period  was  to 
obtain  a  correlation  and  evaluate  the  validity  of  the  hot  wire  ane¬ 
mometer  as  a  sampling  device.  The  phenomena  of  cooling  by  the  droplets 
is  caused  by  heat  conducted  to  the  drop  at  a  lower  temperature  than 
the  wire  and  by  the  Impaction  of  the  drop  causing  the  wire  to  "swing" 
and  hence  be  cooled  by  the  stream  Itself.  This  latter  aspect  would 
allow  this  method  of  sampling  to  be  applicable  for  solid  aerosols  as 
well  as  liquid  aerosols.  It  is  expected,  however,  that  the  cooling 
effect  due  to  the  droplet  low  temperature  is  of  a  much  larger  magnitude 
than  that  caused  by  the  "swinging"  of  the  wire. 

During  the  runs  reported  an  over -heat  ratio  of  .4  was  maintained. 
With  a  tunnel  air  temperature  of  25 **0  and  a  temperature  coefficient  of 
electric  resistivity  of  5.2  x  it  would  imply  a  heated  wire 

temperature  of  around  120 “C.  The  boiling  point  of  dibutyl  phthalate  is 
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of  3^*C,  so  It  would  seem  rather  improbable  that  the  droplets  are 
suddenly  vaporized  upon  contact  with  the  wire.  Visual  observations 
have  been  made  to  see  viaA  effects  the  wire  has  on  the  drops.  With  a 
100  X  magnification  the  following  was  noted.  With  the  wire  at  room 
temperatvire  the  drops  cling  to  the  wire  and  group  into  larger  drops 
evenly  spaced  along  the  wire  in  a  bead- like  eurrangement .  Upon  heating 
the  wire  the  drops  were  seen  to  rapidly  decrease  in  size  until  they 
disappeared.  As  they  became  smaller  they  were  not  noticed  to  "roll 
off"  nor  to  slide  along  the  wire  but  remained  in  their  original  posi¬ 
tions.  ^e  speed  with  which  the  drops  travel  doesn't  allow  their  direct 
vls\ial  observation  as  they  Impact  and  flow  past  the  wire.  A  spark  source 
and  photographic  arrangement  is  being  prepared  to  attempt  to  arrest  the 
particles  and  observe  their  behavior.  While  the  wire  was  heated  no 
drops  were  noticed  to  cling  on  the  wire  but  it  appeared  as  If  upon 
Impaction  they  disappeared  quite  fast  without  being  repelled  by  the  wlze. 

A  small  Increase  In  the  cold  resistance  of  the  wire  (10.57  to  10. 6o) 
was  noted  after  a  month  euid  a  half  of  testing.  Uhls  sll^t  Increcuse 
could  be  caused  by  repeated  stretching  of  the  wire  by  the  Impinging 
droplets.  Ihe  fact  that  the  cold  reslstcmce  has  remained  almost  con¬ 
stant  Is  encouraging  however  as  it  Indicates  that  unless  the  stretching 
of  the  wire  was  such  as  to  overshadow  Its  effects  on  the  wire  resistance, 
there  has  been  no  slgnlflceuit  coating  by  the  dlbutyl  phthalate  or  the 
3-naphthol  tracer. 

5.  Equations  of  Motion  for  Bsrticles  In  Turbulent  Streaww 

The  hot  wire  anemometer  is  to  be  used  as  a  sampling  device  In 
turbulent  streams.  Once  Its  capabilities  and  limitations  are  well 
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known  for  its  behavior  in  laminar  streams,  it  will  be  tested  in  streams 
with  various  degrees  of  turbulence . 

IJie  equations  of  motion  of  the  suspended  particles  in  a  laminar 
flow  were  developed  in  Progress  Report  1  and  axe  now  extended  to  tur¬ 
bulent  flows. 

Consider  then  a  fluid  stream  of  density  which  moves  at  a  velocity 
of  at  any  given  point  in  the  flow  field.  At  the  same  corresponding 
points  aerosol  peartlcles  of  density  p  suid  velocity  U  are  considered. 

A  A 

If  U.  is  steady  and  constant,  eventually  U  will  be  equal  to  it;  but 
f  a 

when  a  change  is  made  in  U^,  the  velocity  of  the  aerosol  differs  from 
that  of  the  fluid.  This  change  in  velocity  of  in  general  occvirs 
dvie  to  turbulence  and  also  due  to  the  boundary  configuration  of  the 
flow. 


Considering  first  the  aerosol  particle,  the  forces  acting  on  it 
are  the  fluid- pressure  force,  the  viscous-drag  and  the  gravitational 
force,  nils  equation  of  motion  of  force  for  unit  volume  is; 


dU. 


».  jr  *  * 


Of 


(H,  -  Of)  f 


(0,  -  Of)d 


- 


(1) 


For  the  fluid,  investigating  away  from  the  solid  boundaries  the  Euler's 
equation  applies 

dU 

Of  dT*^-  Of  8-0  («) 

Cooibinlng  these  two  equations,  the  pressure  drops  out. 

dU-  ^  ifl..  - 

®a  dt“  ■  ®f  dt”  "  ^^a  ■  ®f^  ®  ^  ^^a  ‘  ^f^ 

The  last  term  in  the  right  hand  side  of  the  previous  equation  is  the 

drag  on  a  si^ere  in  the  Stokes  regime.  Eq.  (^)  is  a  rather  pecullsir 
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dlfferential  equation  since  It  contains  Lagranglan  as  veil  asBulerian 
terms.  TSie  velocity  of  the  aerosol  is  a  function  of  time  only  in  the 
Lagranglan  sense  and  therefore  the  acceleration  has  no  space  convective 
terms  as  the  acceleration  of  the  fluid.  In  order  to  be  able  to  obtain 
correlation  terms  between  the  aerosol  velocity  fluctuation  and  that  of 
the  fluid  stream,  a  different  approach  will  have  to  be  found,  writing 
the  equations  of  motion  in  tenns  of  the  relative  velocity  of  the  aerosol. 

Since  this  apiiroach  is  not  available  at  the  present  time,  Eq.  (3) 
is  still  useful  for  deriving  3ome  valuable  conclusions.  Expanding 


Eq.  (3)  into  its  component  form 


<“a 

du 

a 

dt 

®f 

1 

^f 

^f 

SUf 

d® 

(Uf  - 

“a) 

dv 

Sv  ' 

= 

~  d® 

a 

m 

dt 

^f 

f  . 

3sr^ 

^f 

f 

'"f  ST 

(Vf  . 

■  V,)  (k) 

dw^ 

’5w- 

dw- 

5w- 

*  ^  'V^a) 

dT- 

*»f 

f  . 

.jr* 

f  . 

^f 

* 

'^f  3r 

« 

=  (p^- 

■Pf)g 

Now  if  these  equations  arm  perturbed  for  the  turbulent  fluctuations, 
say  for  instance  ^5^  *  after  substitution  of 
these  quantities  in  Eq.  (3)  and  the  time  average  is  performed 


r^f  - 

^dT-  Pfisr^'^f 


sr 
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According  to  these  equations,  the  mean  motion  of  the  aerosol  Is  affected 
hy  the  mean  motion  of  the  fluid  and  the  turbulent  correlations  of  the 
fluid  velocity  fluctuations.  These  equations  are  then  modified  forms  of 
the  veil  known  Reynolds  equations. 

One  fact  Is  certain  and  that  Is^lf  the  gravitational  settling  Is 
small ^and  If  »  p^^then  since  the  acceleration  of  the  psurtlcles  Is 
about  the  same  magnitude  as  that  of  the  fluid  particle,  the  Inertia  terms 
of  the  fluid  can  be  neglected.  Uils  Indicates  that  the  turbulent  stress 
terms  are  Jtist  as  \inimportant  as  the  mean  fluid  inertia  terms.  !I9ius  If 
the  above  assumptions  are  Justified  Eqs.  (3)  reduces  to  the  simple  dif¬ 
ferential  equation  for  the  mean  flow 


4.  Iheiml  Remlslon  and  Ingpactlon  Coefficient 

The  mass  mean  diameter  of  the  droplets  Is  of  aroimd  ^  microns  and 
the  diameter  of  the  wire  used  In  our  tests  to  date  Is  Jvist  under  ^ 
microns.  A  question  Imaedlately  arises  whether  the  usual  concept  of 
inipactlon  coefficient,  and  If  the  assumptions  of  negligible  thennal 
repulsion  forces  still  hold. 

In  Progress  Report  No.  ^  it  was  shown  that  the  ratio  of  the  Inertia 
forces  to  the  thermal  repulsion  forces  for  a  4  micron  wire  heated  to 
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130*Cyand  droplets  with  a  thermal  conductivity  arovind  .002  cal/sec 
cm  ®C^l8  larger  than  100.  IHie  conditions  under  which  the  reported  runs 
have  been  tested  agree  with  these  assiunptions  and  hence  It  Is  conserva¬ 
tive  to  consider  the  thermal  repulsion  forces  as  negligible. 

The  Impaction  coefficient  due  to  inertia  has  been  studied  by 
many  experimenters.  Some  well  known  results  are  shown  In  Refs,  (k) 
and  (3) .  Ihey  have  shown  that  the  inertial  Impaction  coefficient  depends 
on  the  dimensionless  ratio  of  the  forces  necessary  to  stop  the  particle 
In  a  distance  equal  to  D,  the  diameter  of  the  wire,  to  the  drag  forces 
acting  on  the  particle.  In  the  Stokes  regime  this  ratio,  becomes 
PpVd®/l8|iD  \diere  is  the  density  of  the  aerosol  and  p  Is  the  vis¬ 
cosity  of  the  stream.  For  the  conducted  runs  this  ratio  will  be  around 
1^.  Langmuir  and  Blodgett  (Eq.  (42)  show  that  the  impaction  coefficient. 


y,  will  be  given  as 


4 

“  4  i  +  H 

where 


(^5) 


H  =  1  +  .5708  (^)  -  .75  X  lO"*^ 

=  drag  coefficient  and 

>  Reynolds  number  based  on  the  droplet  diameter. 

For  the  conditions  of  our  runs,  7  will  then  be  around  98  percent. 

As  the  ratio  of  the  wire  diameter  to  droplet  diameter  decreases 
towards  unity.  In  addition  to  a  contribution  to  the  Impaction  coef- 
fielent  from  the  Inertia  of  the  particles,  there  Is  an  Interception 
effect  which  becomes  considerable.  In  this  ceise,  even  though  the 
center  of  the  peurtlcle  does  not  Intersect  the  surface  of  the  wire. 
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It  Btlll  passes  close  enough  so  Impaction  might  occur.  W.  E.  Ranz^^^ 
discusses  also  the  effects  of  the  electrostatic  attraction,  settling 
and  Brovnlan  diffusion  vhlch  might  influence  the  coefficient  of  Impac¬ 
tion  for  very  slow  streams  and  small  collectors. 

(l) 

Landshl  and  Herman^ considered  the  Inertia  and  Interception 
effects  additive  and  empirically  obtained 


a  +  $*  +  op*  ^ 


where 


a  >  400  cm  sec/gram 
a  ■  3  X  lO"^  g®/cm*sec® 
P  «  iSu^jr 


Ihe  above  relationship,  even  though  It  wasn't  obtained  for  particles 
and  collectors  In  the  same  size  range  as  the  hot  wire  and  aerosol  used 
In  our  tests,  gives  an  approximate  value  of  7  of  I.9  (190  percent). 

W.  E.  Ranz,  In  his  report  prepeu:«d  for  the  U.  S.  Atomic  Energy 
Conmlsslon  (Rsf.  6),  argues  that  the  efficiency  of  Impactions  are  not 
additive  for  separate  mechanisms,  but  that  a  given  mechanism  may  pre¬ 
dominate  at  certain  conditions.  Ihe  Interception  effects  become  Impor¬ 
tant  when  the  ratio  of  the  droplet  to  wire  diameters  approaches  unity. 
Assuming  an  Ideal  potential  flow  around  the  cylindrical  wire  he  showed 
that  the  coefficient  of  Impaction  7  will  be  near  I.3  when  the  ratio  of 
the  diameters  ^s  equa^;to  1. 

Both  landahl  and  Hernnan's  and  Banz's  results  will  Imply  that  at 
the  tested  conditions  an  impaction  coefficient  around  190  percent  or 
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percent  will  be  closer  to  reality  them  the  assumed  100  percent 
efficiency  In  Fig.  l8  for  the  1:1  response  curve.  It  must  be  noted^ 
however,  that  the  cooling  effect  of  a  droplet  touching  the  wire  on  a 
side  will  probably  be  less  than  that  of  a  droplet  hitting  head  on,  unless 
every  drop  which  touches  the  wire  will  wet  It  and  completely  surround  It . 

It  Is  probable  then  that  a  correction  factor  on  the  Impaction  coef¬ 
ficient  would  be  necessary  to  correct  for  errors  In  partial  hits.  Ihese 
effects  can  be  evaluated  to  some  extent  by  testing  with  different  wire 
diameters . 

If  the  amount  of  cooling  on  the  wire  Is  Independent  on  whether  a 
droplet  hits  head  on  or  on  a  side,  a  relationship  between  cut-off  diameter 
and  Isgpactlon  coefficient  can  be  obtained. 

From  Fig.  l8,  the  percent  of  uncounted  peurticles  can  be  obtained 

for  different  Inaction  coefficients.  If  the  slope  of  the  full  response 

ctirve  Is  m^,  and  that  of  the  obtained  count  Is  m,  then  the  percent  of 

particles  not  counted  would  be 

m.  -  m 

n  =  (-= - )  100 

“l 

For  the  tested  conditions  m  Is  very  close  to  .^,  and  the  value 
of  m^  is  known  upon  assuming  a  certain  Impaction  coefficient.  In  turn, 
the  cut-off  diameter  can  be  related  to  the  percent  of  uncounted  particles^ 
known  the  distribution.  Using  the  average  distribution  shown  In  Fig. 

8b  the  following  relationship  would  exist  If  every  drop  completely  "wets" 
the  wlre»  and  "partial  hit"  effects  would  not  be  considerable. 
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Impaction 

Coefficient 

Percent  Uncounted 

(n) . 

Cut-off 

Diameter 

100 

50 

5.5 

125 

60 

4.0 

150 

66.7 

4.4 

175 

71.4 

4.7 

200 

75 

5.0 

intie  above  certainly  sxiggeste  a  novel  nanner  for  determining  the 
coefficient  of  impaction  combining  the  interception  effects  and  inertia 
effects.  If  the  magnitude  of  the  signal  depends  on  the  angle  of  hit, 
it  is  conceivable  that  its  effect,  as  veil  as  the  actual  cut-off 
diameter,  could  be  directly  obtained  from  measurements . 

VI.  C0WC1USI0N8 

In  the  past  period  the  application  of  the  hot  wire  anemometer  as 
a  sampling  device  has  been  shown  to  be  i)osslble  auid  reliable.  A  direct 
correlation  for  the  counted  Inopactions  on  the  wire  and  the  actual 
concentration  was  noted.  IHie  limitations  of  the  hot  wire  anemometer  were 
discussed  and  will  be  evalviated  in  the  following  jt  riods . 

With  these  limitations  as  to  "cut-off  diameter "  (or  smallest  drop 
to  yield  a  countable  signal),  aging,  coincidence  and  lnqpactlon  effects 
known,  the  wire  tested  could  be  used  to  evaluate  the  diffusion  euid 
motion  of  an  aerosol  in  a  turbulent  stream. 

In  the  next  period  tests  will  be  conducted,  after  obtaining  a 
better  filtering  on  the  signal  from  the  hot  wire  anemometer,  to  deter¬ 
mine  the  limitations  of  the  wire  in  its  application  as  a  saiiQjllng 
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devlce.  By  testing  vith  different  over-heat  ratios,  different  wire 
sensitive  lengths  and  dlamiters,  we  will  attempt  to  get  Insight  as  to 
the  Impaction  coefficient,  coincidence  and  partial  hit  effects. 

TABLE  I 


Run  Number 

Count  In  10  SecofidR 

M.M.D. 

CC/Mln.  Ihru 

17 

107 

6.2 

.00023 

18 

86 

5.7 

.00025 

19 

137 

5.7 

.0004 

20 

284 

7.5 

.00125 

21 

583 

4.5 

.0023 

22 

382 

4.3 

.0018 

23 

474 

6.6 

.0024 

2k 

610 

6.5 

.0029 

25 

712 

5.4 

.0056 
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TABUB  II 


Run  Nusiber 

Cut-off  Diameter,  Microns* 

21 

2.8 

22 

23 

5.3 

2k 

5.6 

25 

4.8 

(Cut-off  diameter  vas 

under  2  microns  for  runs  17 

throvigh  20.) 

*A88uiDliig  100  percent  efficiency  of  impaction. 
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